To compare the diagnostic performance of magnetic resonance (MR) sequences for the evaluation of cerebral venous sinus thrombosis (CVST) during followup examinations. Materials and Methods: Thirteen cases that were confirmed to be CVST between January 2006 and March 2016 were included in this study. Two neuroradiologists independently examined each initial and follow-up MR sequence image in random order. Results: Gadolinium-enhanced T1-weighted imaging (Gd-enhanced T1WI) was the most sensitive sequence for the detection of CVST in the initial and follow-up MR examinations (82% and 55.3%, respectively). Among the non-enhanced MR sequences of the initial examination, gradient-recalled echo was the most sensitive (77.4%), fluid-attenuated inversion recovery (FLAIR) had low sensitivity (34.4%). The overall diagnostic performances of all MR sequences except for FLAIR decreased during the follow-up. FLAIR was the most sensitive during follow-up, and was also the only sequence with increased sensitivity during follow-up (from 34.4% to 55.6%). Conclusion: Gd-enhanced T1WI had the best diagnostic performance for CVST in both initial and follow-up MR examinations. Therefore, it is reasonable to use Gdenhanced T1WI to evaluate CVST during follow-up examinations. However, for patients who cannot tolerate MR contrast agents, the use of FLAIR to assess the remaining CVST during the follow-up may be helpful.
INTRODUCTION
Cerebral venous thrombosis (CVT) is responsible for less than 1% of all strokes, although recent evidence has indicated that the incidence of CVT among adults is higher than previously reported (1) (2) (3) (4) . The improvement of non-invasive imaging modalities has increased the detection rate and improved the prognosis of patients with CVT (5) . Magnetic resonance imaging (MRI) and magnetic resonance venography (MRV) are the most important modalities for the diagnosis of CVT (6) (7) (8) (9) (10) (11) (12) . Diagnosis by MRI is based on abnormal signal intensities within the thrombosed venous segment, which are caused by altered blood flow and hemoglobin degradation products of the thrombus (13, 14) . However, in many patients with CVT, MRIbased diagnosis is still difficult, because CVT exhibits subtle and/or variable alterations of signal intensity over time on nonenhanced MRI, and may be easily confused with normal flow signal artifacts (13) (14) (15) (16) . Although gadolinium-enhanced MRI and MRV can be effective, they have economic and scan time disadvantages, and the gadolinium causes side effects.
Gradient-recalled echo (GRE) images are the most sensitive and specific sequence for the diagnosis of CVT among non-contrast MRI sequences (10, 14) . The red blood cells in the thrombosis produce characteristic findings of low signal and/or blooming of the thrombus. However, the frequency of the findings decreases over time; eventually, the low signal changes into an iso-or a high signal during follow-up, despite the presence of the thrombus (14, (17) (18) (19) . Furthermore, the diagnostic performance of each MRI sequence of patients with CVT during anticoagulation treatment has not been reported.
This study compared the diagnostic performance of routine MR sequences including gadolinium-enhanced T1-weighted imaging (Gd-enhanced T1WI), fluid-attenuated inversion recovery (FLAIR) imaging, diffusion-restriction imaging (DWI) with the apparent diffusion coefficient (ADC), GRE, and Gd-enhanced T1WI to determine which is the best sequence for the evaluation of cases of CVT (excluding cortical venous thrombosis), and to determine if Gd-enhanced T1WI is necessary for follow-up examinations. Follow-up examinations of cerebral venous sinus thrombosis (CVST) were of particular interest.
MaTERIalS aND METHODS
This study was approved by our Institutional Review Board (Ulsan University Hospital, University of Ulsan Collage of Medicine, Ulsan, Korea, UUH 2015-10-010-001). Informed consent was waived for this retrospective study.
Patients
This retrospective study examined the MRI findings of 58 cases at our institution that were confirmed to be CVST between January 2006 and March 2016. Forty-five cases were excluded because of the following: 1) not all follow-up sequences were included (22 cases), 2) there was no follow-up MRV (17 cases), 3) only the presence of cortical venous thrombosis was detected (3 cases), or 4) the presence of coexisting dural arteriovenous fistula was detected (3 cases). Thus, 13 cases were included in this study (Fig. 1 ).
MRI and MRV Protocols
All MR images including the initial and follow-up examinations were performed using a Achieva 3T scanner (Philips, Amsterdam, the Netherlands) with a 16-channel head coil Differences with a p-value < 0.05 were considered significant.
RESUlTS

Clinical Findings
The patients included 2 women and 11 men; the mean age was 42.15 years (range: 15-73 years) ( Table 1 ). The primary symptoms at the initial diagnosis included headache (10/13), one-side weakness (2/13), and seizure (1/13). The mean duration from symptom onset to the first MRI was 6.8 days (range:
1-21 days), all patients underwent MRIs during the acute stage (within 7 days of onset, 7 cases) or the subacute stage (within 8-30 days, 6 cases). Twelve patients had confirmed CVST based on the MRV findings, and one patient (No. 12) was confirmed using conventional angiography.
All patients were hospitalized and received short-term intravenous heparin treatment (international normalized ratio target: 1.5) before switching to long-term oral warfarin treatment (international normalized ratio target: 2-3).
Thirteen patients underwent follow-up MRI examinations (8 patients underwent one, 1 patient underwent two, and 4 patients underwent three follow-up examinations, respectively).
A total of 22 follow-up MR examinations were performed during the acute stage (within 7 days from onset, 2 cases), the subacute stage (8-30 days, 6 cases), and the chronic stage (after 30 days, 14 cases). The mean interval between the initial and follow-up examinations was 90 days (range: 6-282 days).
CVT on Initial MRI Sequences
The initial MRI images identified 34 thrombosed DVS segments in 13 patients, which included the transverse sinus (n = 11), superior sagittal sinus (n = 11), sigmoid sinus (n = 9), inferior sagittal sinus (n = 2), and straight sinus (n = 1). Superficial cortical venous thrombosis was diagnosed in 6 patients (46%).
The diagnostic performances of the initial MRI sequences are shown in Table 2 . The most sensitive MR sequence for the diagnosis of CVT was Gd-enhanced T1WI (82% .001 DWI = diffusion-weighted imaging, FLAIR = fluid-attenuated inversion recovery, Gd-En T1WI = gadolinium-enhanced T1-weighted imaging, GRE = gradient-recalled echo, T1WI = T1-weighted imaging 
CVT on Follow-up MRI Sequences
The follow-up MRI examinations revealed that 18 segments of 9 patients were completely recanalized and 9 segments in 4 patients were partially recanalized, based on MRV. Despite anticoagulant treatment, no changes were observed in 7 segments of 3 patients (Table 1) .
The overall diagnostic performances of all sequences except FLAIR and DWI decreased during follow-up (Table 3 ). The most sensitive sequence was FLAIR (55.6%); Gd-enhanced T1WI (55.3%) was the second most sensitive, followed by TIWI (48.2%); DWI (22.2%) and GRE (15.6%) had relatively low sensitivities.
All MR sequences had high specificities (from 95.7% to 100%).
The most accurate sequence was Gd-enhanced T1WI (87.1%), which also had high inter-observer agreement (k = 0.815). Among the non-enhanced follow-up sequences, T1WI (85.7%) was the most accurate sequence, but the inter-observer agreement was the lowest (k = 0.388). FLAIR had high accuracy (84.5%) and the second highest inter-observer agreement (k = 0.836). The accuracies of DWI (77.6%) and GRE (76.4%) were slightly lower.
DWI had the best inter-observer agreement (k = 0.902). The inter-observer agreements of GRE and T1WI were lower (k = 0.606, k = 0.388, respectively). 
DISCUSSION
In the present study, Gd-enhanced T1WI was the most sensitive and specific MR sequence for the detection of CVST at an early stage. The inter-observer agreement of Gd-enhanced T1WI
was the highest compared to other sequences that do not use a contrast agent. Unlike contrast-enhanced sequences, overall non-enhanced MR sequences are less sensitive due to variables or subtle changes in the signal intensity of the venous thrombus (15, 16, 20, 21) . Among the non-enhanced sequences, GRE was the most sensitive and specific for the detection of CVST at the early stage. The thrombus showed characteristic low signal and/ or blooming on GRE images, especially during the acute stage, in accordance with the results of other studies (14, (17) (18) (19) . Rela- tively low sensitivities were reported for T1WI, FLAIR, and DWI. The lowest sensitivity was reported for DWI, which exhibited transient signal modifications within the thrombosed DVS due to the progressive change of the thrombus (22) (23) (24) .
During the follow-up, Gd-enhanced T1WI and GRE images had decreased diagnostic performances compared to the initial imaging. Although Gd-enhanced T1WI images provided the best diagnostic performance during both the initial and followup examinations, the sensitivity of the method decreased during follow-up. The decrease may have been due to the signal changes of the thrombus from iso-signal in the acute stage to high signal in the subacute and chronic stages on T1WI. The signal changes of the thrombus were due to extracellular and intracellular methemoglobin in the evolving hyalinizing thrombus in the subacute stage (14); in chronic stage, it was thought to be related to the vascularized connective tissue of a chronic thrombus (13, 14, 25) .
In a previous study (26) Third, the DVS is a continuous structure, so if a thrombus exists in the continuous segments (such as in the ipsilateral transverse and sigmoid segments), it is not an independent lesion. In this study, we considered each DVS segment as a separate lesion even if the thrombus was continuous. However, statistically, it could cause data clustering.
In conclusions, Gd-enhanced T1WI had the best diagnostic performance for CVST in both initial and follow-up MR examinations in the present study. Overall, the non-enhanced MR sequences showed relatively lower diagnostic performance compared to Gd-enhanced T1WI. Of non-enhanced MR sequences, GRE had the best diagnostic performance for CVST at the acute stage. During follow-up, the diagnostic performance of GRE decreased due to the loss of the characteristic low signal due to evolution of the thrombus. FLAIR showed increased sensitivity, as a high intense signal of CVST developed during follow-up. Therefore, Gd-enhanced T1WI is necessary for follow-up studies of CVST. If the patient cannot tolerate contrast agents, the use of FLAIR for remaining CVST may be helpful. 
